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expansion of a lake shore plant in response to climate change





































decadal	 climate	projections,	with	an	 individual‐based	model	 that	allows	 for	evolu‐
tionary	processes	to	act	upon	a	heritable	dispersal	kernel.	We	evaluated	how	spatial	
variation	 in	 dispersal	 distance	 and	 dispersal	 evolution	 influenced	 range	 dynamics,	
spatial	 and	 temporal	 variation	 in	 dispersal,	 and	 the	 distribution	 of	 neutral	 genetic	
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1  | INTRODUC TION













dispersal	 can	 evolve	 as	 the	 geographic	 range	 changes	 (Bateman	
et	 al.,	 2013;	 but	 see	 Dytham,	 Travis,	 Mustin,	 &	 Benton,	 2014;	





Melbourne,	2017).	 Such	 rapid	 changes	 in	dispersal	 could	 facilitate	









example,	 mean	 dispersal	 distances	 are	 sometimes	 shorter	 at	 the	
edges	of	a	species'	range	compared	to	the	interior	(LaRue,	Holland,	
&	Emery,	 2018;	Talavera,	Arista,	&	Ortiz,	 2012).	 Furthermore,	 the	
evolutionary	responses	of	dispersal	traits	may	vary	at	different	po‐
sitions	within	the	species'	range,	such	as	the	range	edges	versus	the	
interior,	 due	 to	 the	 genetic	 composition	 of	 individual	 populations	
(Bridle	&	Vines,	2007).	For	example,	edge	populations	may	have	low	
additive	genetic	variation	in	dispersal	traits	due	to	founder	effects	
(Eckert,	 Samis,	&	 Lougheed,	 2008;	Razgour	 et	 al.,	 2013),	which	 in	
turn	 may	 limit	 the	 potential	 for	 dispersal‐related	 traits	 to	 quickly	
respond	 to	 selection.	 Nevertheless,	 the	 strength	 of	 selection	 im‐
posed	by	 climate	 change	may	be	 stronger	 in	marginal	 populations	
that	are	near	rapidly	changing	habitat	(Hargreaves	&	Eckert,	2014),	
and	the	failure	for	dispersal	traits	to	adaptively	evolve	may	hinder	
metapopulation	 persistence.	 Furthermore,	 evolutionary	 processes	
may	influence	a	species'	ability	to	respond	to	changing	patterns	of	
selection	by	shaping	the	amount	and	distribution	of	genetic	varia‐








and	 evolutionary	 change	 in	 dispersal	 strategies	 directly	 influence	
species'	range	dynamics	and	neutral	genetic	variation	in	response	to	
climate	change	(Johnson	et	al.,	2019).
The	 global	 diversity	 of	 species'	 dispersal	 mechanisms	 results	




maternal	 control	 on	 their	 offspring's	 dispersal	 (Starrfelt	 &	 Kokko,	
2010).	 Maternal	 plant	 traits	 directly	 influence	 dispersal	 of	 their	

























Donohue,	 1999),	 geographic	 variation	 in	 dispersal	 traits	 (LaRue	et	
al.,	2018),	and	its	geographic	range	was	readily	available	(LaRue	et	
K E Y W O R D S
Cakile edentula,	climate	change,	dispersal	evolution,	expanding	range	limit,	genetic	diversity,	
geographic	range




1973)	 (Figure	 1b,	 c).	Cakile edentula	 reproduces	 predominantly	 via	
self‐pollination,	 so	 seed	 dispersal	 likely	 accounts	 for	 most	 of	 the	
gene	flow	within	and	among	populations	(Rodman,	1973).	Individual	
plants	 produce	 dimorphic	 fruits	 that	 disperse	 locally	 by	 wind	 or	
longer	distances	by	water	(Rodman,	1973).	Previous	work	has	doc‐
umented	heritable	variation	in	wind	and	water	dispersal	traits	across	
the	 species'	 range,	 including	 reduced	potential	 for	water	dispersal	
at	 the	 range	 edges	 (LaRue	 et	 al.,	 2018).	While	 our	 analyses	were	
based	on	the	biology	of	C. edentula,	we	expect	that	our	results	may	
be	relevant	to	organisms	that	exhibit	passive,	long‐distance	disper‐
sal	 (e.g.,	many	plant,	 insect	and	marine	organisms).	 In	our	analysis,	
we	 first	evaluated	how	existing	patterns	of	dispersal	distance	and	
geographic	variation	 in	dispersal	properties	can	 influence	our	pre‐






genetic	 variation	 that	does	not	 influence	dispersal	 genotypes,	 but	
instead	is	shaped	by	the	patterns	of	colonization	and	gene	flow	that	


















multi‐model	 ensemble	 (Coupled	 Model	 Intercomparison	 Project;	
Taylor,	Stouffer,	&	Meehl,	2012)	with	the	 Intergovernmental	Panel	
on	Climate	Change	(IPCC)	representative	concentration	pathways	of	
































Repeat steps each year (for 105 years)
(e)
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RCP	2.6	 (low	 emission)	 and	RCP	8.5	 (high	 emission)	 (IPCC,	 2014).	
We	chose	to	use	the	NorESM1‐M	as	our	climate	change	framework	
because	it	represents	a	medium	amount	of	future	projected	change	
in	 temperature	 for	 the	Great	 Lakes	 region.	We	 relied	 on	 a	 simple	

























the	SDMToolbox	 in	arcMap	10.2	 (Brown,	2014)	 to	 inspect	a	matrix	
of	 pairwise	 Spearman	 correlation	 coefficients	 between	 twelve‐









We	 constrained	 analyses	 to	 the	 coastal	 habitat	 of	 the	Great	
Lakes,	where	C. edentula	 is	restricted	due	to	its	obligate	associa‐
tion	with	sandy	beaches.	We	created	a	raster	of	habitat	suitabil‐
ity	 across	 the	 range	 of	 C. edentula	 from	MaxEnt	 output,	 which	





and	 Superior	 (approximately	 one	 half	 of	 the	 species'	 entire	 lon‐
gitudinal	 range)	 due	 to	 computational	 constraints	 of	 using	 large	
geographic	 areas	 (Figure	 1d).	 This	 process	 resulted	 in	 a	 total	 of	
876	patches	(i.e.,	raster	cells)	along	the	coast	where	the	final	size	
of	each	 individual	patch	was	36	km2.	Like	all	distribution	models	
using	MaxEnt	 (Elith	et	al.,	2011),	 this	approach	assumes	that	 the	
climatic	 niche	 of	 C. edentula	 can	 be	 estimated	 from	 its	 current	
distribution.	We	 consider	 this	 assumption	 reasonable	 given	 that	
C. edentula's	range	limits	have	remained	relatively	stable	in	recent	
history	(LaRue	et	al.,	2018;	Rodman,	1973)	despite	its	potential	for	
long‐distance	 dispersal	 by	water	 (Rodman,	 1973),	 and	 thus,	 it	 is	
likely	that	the	species'	distribution	limits	reflect	the	bounds	of	its	
climatic	tolerances	(Hargreaves,	Samis,	&	Eckert,	2014).
Habitat	 suitability	 values	 were	 recalculated	 each	 year	 for	
25	years	of	present‐day	climate	and	80	years	of	projected	climate	
change.	 Control	 scenarios	 assumed	 present‐day	 habitat	 suitability	























habitat	 suitability	 of	 1	 (e.g.,	 the	 highest	 habitat	 suitability	 across	














assigned	 a	 unique	 dispersal	 kernel	 and	 genetic	 variation	 within	
populations	 in	 the	 dispersal	 distance	 parameter.	 To	 allow	 for	 a	
spatial	resolution	that	spanned	the	latitudinal	extent	of	the	Great	
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Lakes,	 we	 combined	 the	 wind	 and	 water	 dispersal	 traits	 into	 a	



















distribution	 with	 a	 standard	 deviation	 of	 0.5	 km.	 Reproduction	
occurred	through	asexual	reproduction	of	adults	each	year;	while	
C. edentula	reproduces	sexually,	it	does	so	primarily	through	self‐
pollination	 (Donohue,	1997);	 thus,	we	simplified	 reproduction	 to	
be	 asexual	 for	 computational	 tractability	 (Dytham,	 2009).	 Each	
offspring	 inherited	 a	 slightly	modified	 dispersal	 distance	 param‐
eter	from	their	parent,	which	was	created	with	a	random	deviate	
drawn	from	a	normal	distribution	(mean	=	parental	dispersal	dis‐
tance,	 standard	 deviation	 =	 0.1	 km)	 to	 incorporate	 genetic	 and	
non‐genetic	 sources	 of	 phenotypic	 variation	 (i.e.,	mutation	 and/
or	 environmental	 variation	 of	 a	maternally	 determined	 dispersal	
kernel).	Dispersal	was	simulated	as	the	movement	of	seeds	away	
from	the	parent	plant	(Figure	1d).	First,	we	calculated	the	Euclidian	





habitat	patch	 in	 the	metapopulation.	A	 longer	parental	dispersal	
distance	value	results	in	a	higher	probability	for	a	seed	to	recruit	
into	other	suitable	patches	(and	patches	need	not	be	immediately	
adjacent)	 versus	 remaining	 in	 the	 parental	 patch.	 Each	 parent	
produced	50	seeds,	a	number	consistent	with	 field	observations	
(Donohue,	 1998;	 LaRue	 et	 al.,	 2018).	 We	 then	 proportionately	
distributed	up	to	50	offspring	per	parent	across	suitable	patches	
based	 on	 the	 dispersal	 probability	 values	 from	 the	 parent's	 dis‐
persal	 kernel.	 If	 the	 total	 number	 of	 offspring	 from	 all	 parents	
that	dispersed	into	a	habitat	patch	exceeded	the	local	population	
size	(based	on	the	habitat	suitability	score),	we	randomly	removed	








edges	 than	 interior	 (short	 range‐edge	 dispersal)	 or	 (d)	 longer	 at	










using	 a	 quadratic	 equation	 (x	 =	 latitude,	 y	 =	 dispersal	 distance;	
Table	 S1.1),	 assuming	 that	 the	 centre	 of	 the	 range	was	 halfway	
between	the	southern	and	northern	limits	at	45.5°N.	In	these	four	
scenarios,	 genetic	 variation	 in	 dispersal	 distance	 existed	 within	
populations	to	allow	for	the	opportunity	of	an	adaptive	evolution‐
ary	 response	 to	selection	 to	be	able	 to	occur.	However,	we	also	





















the	 range.	 At	 the	 beginning	 of	 each	 model	 run	 during	 initiation	
(Figure	1d),	each	locus	had	50	alleles	where	allele	frequencies	were	
specified	by	the	equation:
where	 Na	 equalled	 the	 total	 number	 of	 alleles	 and	 i equalled al‐
lele i	in	the	set	1:Na.	This	equation	provides	allele	frequencies	that	
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Bernatchez	&	Duchesne,	2000).	Genotypes	were	created	in	Hardy–
Weinberg	equilibrium	for	each	locus,	and	individuals	were	assigned	






(Table	 S1.2)	 and	 recorded	 the	 distribution,	 abundances	 and	 dis‐
persal	 distances	 of	 all	 individuals	 at	 decadal	 time	 points	 during	
each	 simulation.	 Results	 of	 preliminary	 analyses	 were	 not	 sen‐
sitive	 to	 variation	 in	 the	 average	 local	 population	 size	 or	 the	










3.1 | Geographic variation in dispersal without 
adaptive evolution






of	 dispersal	 variation	 were	 either	 uniform‐1	 km	 (Figure	 2a,b)	 or	
shorter	 at	 the	 range	edges	 than	 the	 interior	 (Figure	2g,h).	When	
the	 initial	 dispersal	 distances	 were	 uniform‐5	 km	 or	 when	 edge	
populations	 started	with	 longer	 dispersal	 distances	 than	 interior	
populations	 (i.e.,	 long	 range‐edge),	 range	 limits	 remained	 stable	
under	present‐day	climate	scenarios	(Figure	2d,j),	while	the	north‐
ern	 range	 limit	 expanded	under	both	 low‐	 and	high‐emission	 cli‐
mate	change	scenarios	 (Figure	2e,f,k,l).	The	southern	 range	 limit,	
by	 contrast,	 contracted	 only	 under	 the	 high‐emission	 climate	
change	scenarios,	regardless	of	the	initial	pattern	of	dispersal	vari‐
ation	(Figure	2c,f,i,l).
3.2 | Geographic variation in dispersal with 
adaptive evolution
Adaptive	 evolution	 interacted	 with	 initial	 geographic	 patterns	
in	dispersal	 and	dispersal	 distance	 to	 shape	dispersal	 and	 range	
dynamics	 as	 climate	 change	 proceeded.	When	 dispersal	was	 al‐
lowed	to	evolve,	the	northern	range	limit	remained	stable	under	
present‐day	 climatic	 conditions	 (Figure	 3a,d,g,j)	 and	 expanded	
under	 low‐	 and	 high‐emission	 scenarios	 (Figure	 3b,c,e,f,h,i,k,l),	







under	 all	 climate	 change	 scenarios	 (Figure	 3;	 Figure	 S1.3),	 and	
the	 magnitude	 of	 this	 change	 increased	 with	 growing	 levels	 of	
climate	change,	 the	presence	of	 starting	geographic	variation	 in	
dispersal	 and	 initial	 dispersal	 distance	 (Figure	 3).	 The	 greatest	
response	 to	 selection	 at	 the	 northern	 limit	 (i.e.,	 the	 difference	
between	the	initial	and	final	average	dispersal	distance)	occurred	
in	 the	 short	 range‐edge	 scenario	 under	 high‐emission	 climate	
change	(Figure	3h,i),	with	mean	dispersal	distance	at	the	expand‐
ing	northern	limit	evolving	from	1	km	to	6	km	within	two	decades	
of	 the	onset	of	 climate	 change.	A	 relatively	weaker	 response	 to	
selection	on	dispersal	was	observed	in	the	uniform‐1	km	scenario	
(Figure	3b,c),	where	the	mean	dispersal	distance	at	the	northern	
limit	 evolved	 from	 1	 km	 to	 only	 3	 km	 within	 three	 decades	 of	




7	 km,	 respectively,	 in	 the	 northernmost	 populations	within	 two	
decades	of	the	onset	of	high‐emission	climate	change	(Figure	3f).	
Like	the	northern	limit,	the	southern	limit	remained	stable	under	
low‐emission	 and	 present‐day	 climates	 (Figure	 3a,b,d,e,g,h,j,k)	





3.3 | Impact of adaptive evolution and dispersal 
variation on neutral genetic diversity
Geographic	 variation	 in	 dispersal	 and	 adaptive	 evolution	 influ‐
enced	the	distribution	of	neutral	genetic	diversity	across	the	range.	




narios	 (Figure	4).	We	also	 found	 that	expected	heterozygosity	was	
by	far	the	lowest	in	the	northern	range‐edge	populations	than	else‐
where in C. edentula's	range	under	all	climate	scenarios	and	was	most	
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northern	 limit	 could	 not	 keep	 pace	 with	 changing	 climatic	 condi‐
tions	because	patches	that	became	suitable	north	of	the	range	limit	
were	not	colonized.	To	date,	remarkably	few	studies	have	rigorously	





The	 interaction	 between	 geographic	 variation	 in	 dispersal	 and	
dispersal	evolution	results	in	complex	outcomes	that	are	not	always	




sult	 occurred	 because	 gene	 flow	 from	 the	 interior	 portion	 of	 the	
range	 increased	 the	genetic	 variation	 in	dispersal	 distances	 at	 the	
range	edge	more	quickly	than	mutation,	allowing	a	faster	response	
to	selection.	In	all	four	dispersal	scenarios,	longer	dispersal	distances	
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evolved	than	were	present	 in	any	habitat	patch	at	the	start	of	the	
simulations,	 which	 is	 consistent	with	 other	 individual‐based	mod‐
els	 that	 investigated	how	dispersal	 evolves	 in	 response	 to	 climate	
change	(Boeye	et	al.,	2013;	Dytham	et	al.,	2014;	Hargreaves	et	al.,	
2015;	Henry,	Bocedi,	Dytham,	&	Travis,	2014;	Hillaert,	Boeye,	Stoks,	
&	Bonte,	2015).	This	 result	 suggests	 that	even	 if	metapopulations	
are	 at	 equilibrium	with	 respect	 to	 dispersal	 distances	 prior	 to	 the	
onset	of	climate	change,	they	are	unlikely	to	remain	at	equilibrium	
as	 climate	 change	 progresses.	 Spatial	 sorting	 has	 the	 potential	 to	
substantially	increase	dispersal	distance	at	an	expanding	range	front	
without	dispersal	evolving	 (Shine	et	al.,	2011).	However,	we	found	
the	 distribution	 of	 dispersal	 distances	 across	 the	 species'	 range	
through	time	remained	relatively	constant	when	dispersal	was	not	
allowed	 to	 evolve	 (Figure	 2),	 suggesting	 that	 spatial	 sorting	 alone	
does	not	explain	the	increases	in	dispersal	distances	that	developed	


















The	 overall	 ability	 for	 a	 species	 to	 colonize	 new	 habitat	 over	
short	 time‐scales	 (e.g.,	 years	 to	 decades)	 may	 depend	 upon	 both	
the	initial	dispersal	potential	of	the	species	and	the	pattern	of	geo‐
graphic	variation	 in	dispersal.	When	 the	 initial	mean	dispersal	dis‐
tance	 in	 northern	 edge	 populations	 are	 relatively	 small,	 as	 in	 the	
uniform‐1	 km	 and	 short	 range‐edge	 scenarios,	 dispersal	 evolution	
was	 required	 for	 range	 expansion	 to	 occur	 under	 climate	 change	
(Figure	 2b,c,h,i;	 Figure	 3b,c,h,i).	 However,	 dispersal	 evolution	was	
not	 required	 for	 range	 expansion	when	 northern	 populations	 had	
relatively	 high	 dispersal	 potential	 prior	 to	 the	 onset	 of	 climate	



















teristics,	 such	as	 the	parental	 contribution	 to	 the	dispersal	kernel.	














if	 new	 patches	 are	 colonized,	 the	 neutral	 effects	 associated	 with	
colonization,	such	as	population	bottlenecks,	can	have	large	effects	
on	 remaining	 genetic	 diversity.	 In	 our	 analysis,	 adaptive	 evolution	


















distributions	 models	 had	 large	 effects	 on	 the	 range	 dynamics	 that	
are	 predicted	 for	 one	 species,	 and	we	 hypothesize	 that	 predictions	
for	other	species	would	change	as	well.	According	to	our	study,	dis‐
persal	measured	at	one	point	in	a	species'	range	will	potentially	lead	
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